Atmospheric effects of sea surface temperature (SST) fronts along the Kuroshio and Kuroshio Extension (K-KE) are investigated by examining spatial characteristics of the climatological sea level pressure (SLP), surface winds and surface heat flux (Q) fields based on an in situ observation dataset. A hydrostatic effect of the SST front is observed during the northwesterly monsoon characterized by a westward-extending low-SLP wedge (trough) slightly south of the peak in Q along the K-KE. Ageostrophic surface westerlies crossing SLP isobars toward a trough center are found north of the low-SLP wedge apparently because of the eastward acceleration by the vertical mixing effect. This feature of the ageostrophic winds is less pronounced south of it, a north-south asymmetry arising as vertical mixing accelerates (decelerates) eastward ageostrophic winds north (south) of it. While the SLP trough near the SST front is found nearly year-round except for summer, its meridional location seasonally migrates probably due to the change in the mean surface flow.
Introduction
Atmospheric responses in the marine atmospheric boundary layer (MABL) to sea surface temperature (SST) have been mostly investigated with a focus on the surface wind changes across the SST fronts. Lindzen and Nigam (1987) propose a hydrostatic effect of the tropical SST on the overlying sea level pressure (SLP) field through changes in air temperature in the MABL. The resultant SLP gradient across the SST front causes wind adjustment at the sea surface, with the strongest wind response found between the warm and cold SST. On the other hand, Wallace et al. (1989) and Hayes et al. (1989) propose a vertical mixing effect in which warm (cold) SST decreases (increases) the near-surface static stability and thereby enhances (reduces) a vertical mixing in the MABL. This effect induces the strongest wind adjustments on the warm flank of the SST front where the downward transfer of large momentum from the upper MABL accelerates the surface winds. Small et al. (2003 Small et al. ( , 2005 examined SST effects on the surface winds by analyzing the momentum budget in a regional atmospheric model (RAM). They found that the hydrostatic effect is a major factor in driving crossfrontal change in surface winds. Under the advection by the mean southeasterly trade winds, the SLP gradient is located downstream of the SST gradient, giving rise to strongest winds on the downwind side of the SST front. The analysis of buoy measurements by Cronin et al. (2003) supports the hydrostatic effect on SLP. In situ observations by Hashizume et al. (2002) and East Pacific Investigation of Climate Processes in the Coupled Ocean-Atmosphere System (EPIC) campaign (Raymond et al. 2004) , however, indicate that the vertical mixing effect is at work in the acceleration of the surface winds.
The study of the atmospheric responses to the SST front has been extended to midlatitude SST fronts and mesoscale eddies (Xie 2004; Small et al. 2008 ). Owing to large temperature and moisture differences between ocean and atmosphere, fronts anchor the local maximum of upward surface heat flux that can act to induce hydrostatic and vertical mixing effects in the MABL. Satellite measurements of the surface winds display divergence when the winds go across the SST front and wind curl when they blow along the fronts in the extratropics (O'Neill et al. 2003; Chelton et al. 2004; Vecchi et al. 2004; O'Neill et al. 2005; Tokinaga et al. 2005; Park et al. 2006) . These wind adjustments are consistent with the vertical mixing effect around the SST front. In contrast, the hydrostatic adjustment is also suggested from analyses of the in situ surface meteorological observations, satellite measurements, and operational and reanalysis datasets of the lower atmosphere. Over the warm flank of the Kuroshio Extension (KE), Tokinaga et al. (2009) show a zonal band of the local minimum in spatially high-pass-filtered SLP anomalies in association with positive MABL temperature anomalies and vice versa over the cold flank of it. More recently, Minobe et al. (2008 Minobe et al. ( , 2010 suggest that the hydrostatic adjustment along the Gulf Stream leads to convective cloud formation and enhanced precipitation. Song et al.(2006) show that, based on the RAM experiments, pressure gradient across the Gulf Stream front is main force modifying the surface winds. Xu et al. (2010) also detected a hydrostatic effect over the cool water pool formed between the Pacific coast of Japan and the large meander of the Kuroshio.
In the western North Pacific, tropospheric circulation is highly monsoonal (Fig. 1 ), bringing about a distinct seasonal cycle in surface heat flux. The present study examines how the monsoonal flow over the western boundary current region is modified when it crosses a midlatitude SST front. By careful inspections of spatial characteristics in the SLP and surface wind fields during each season, we attempt to detect hydrostatic and vertical mixing effects. These ocean imprints on the lower atmosphere are further examined using RAM experiments.
While the Japanese 25-yr Reanalysis (JRA-25) (Onogi et al. 2007 ) still does not adequately resolve small-scale features near ocean fronts, direct measurements of SLP on merchant ships have been carried out along the busy shipping lanes in the Pacific near Japanese islands (e.g., Fig. 2b in Tokinaga et al. 2009 ). The present study compares reanalysis and in situ measurements to study smallscale SLP features over the western North Pacific.
The rest of this paper is organized as follows. Section 2 introduces the datasets and model used in the present study. Section 3 examines spatial characteristics of the SLP and surface wind fields in the western North Pacific during the winter and summer monsoon, respectively, and make a comparison of those characteristics between reanalysis and in situ measurements. Section 4 discusses the ocean imprint near the SST front on the overlying atmosphere based on RAM experiments. Section 5 is summary and discussion.
Data and model

a. In situ observations
We use a monthly product of the International Comprehensive Ocean-Atmosphere Dataset (ICOADS) release 2.4 (Worley et al. 2005 ) from January 1950 to December 2007, available on a 18 grid. Individual surface meteorological measurements from ships, buoys, and other marine platforms are gridded after careful quality controls. Further description of the data processing is documented in Tokinaga et al. (2009) . We calculate monthly climatology of SST, surface air temperature (SAT), surface wind velocity, latent and sensible surface heat fluxes, and SLP by averaging data from 1950 to 2007 in the western North Pacific (208-508N, 1208-1708E).
We will examine the sum of latent and sensible surface heat fluxes Q of ICOADS as an indicator of the heating of the MABL from the ocean surface. The latent heat flux, in addition to the direct sensible heat flux, may contribute to the warming of the MABL in the Kuroshio and Kuroshio Extension (K-KE) region where the midlatitude storms are developed, accompanied with the zonal rainband and low-level clouds. The ocean surface heat flux dataset based on satellite measurements [Japanese Ocean Flux Datasets with Use of Remote Sensing Observations version 2 (J-OFURO2); Kubota et al. 2002; Tomita et al. 2010] provides the latent, sensible, and radiative heat fluxes. Their seasonal climatology during [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] shows that, in the K-KE region, Q is the predominant term in the meridional maximum of the net surface heat exchange from autumn through winter to spring (Fig. 2) . In the aerodynamic bulk formulae, sensible and latent heat fluxes are a function of temperature difference between ocean and atmosphere DT OA and moisture difference, respectively. In the present study, we employ only DT OA as an indicator of these differences because surface moisture in the atmosphere strongly depends on local air temperature (Kleeman and Power 1995; Tanimoto et al. 2003) .
As stated in introduction, the prevailing surface wind over the western North Pacific display a pronounced seasonal cycle. In the monthly climatology of ICOADS, the meridional component of extratropical surface winds averaged over 1428-1478E changes its sign twice a year, between March and April and between September and October, respectively (Fig. 1) . Therefore, we will examine northwesterly and southwesterly monsoons separately. In the northwesterly (southwesterly) monsoon, threemonth means are calculated with October-December as autumn and January-March as winter (April-June as spring and July-September as summer), following studies in the North Pacific (Suga and Hanawa 1995; Deser et al. 1996; Schneider et al. 1999; Tourre et al. 1999; Sugimoto and Hanawa 2007) .
b. Reanalysis products (JRA-25)
We employ the monthly JRA-25 from January 1979 to December 2004, available on 1.258 grid (Onogi et al. 2007) . From 2005 to 2007, we use the monthly product of the operational analysis provided by Japan Meteorological Agency Climate Data Assimilation System (JCDAS), which uses the same data assimilation system as in JRA-25 and has been used for near real-time climate monitoring (Onogi et al. 2007 
c. Regional atmospheric model experiment
To identify the ocean imprint on the overlying atmosphere, we conduct experiments using the Weather Research and Forecasting (WRF) model version 3.1 with the Advanced Research WRF (ARW) dynamic core (Skamarock et al. 2008 ) in a domain of the western North Pacific (208-508N, 1208-1708E) . The model resolution is 27 km in the horizontal and 43 sigma levels in the vertical, of which 18 levels are placed below 2 km high. We chose the following set of the schemes: the asymmetric convective model version 2 (ACM2) planetary boundary scheme (Pleim and Chang 1992) , the Betts-Miller-Janjić cumulus parameterization (Betts and Miller 1986; Janjić 1994) , the double moment 6-class microphysical scheme (Hong and Lim 2006) , and rapid radiative transfer model and Dudhia schemes for longwave and shortwave radiation calculations (Dudhia 1989; Mlawer et al. 1997) , respectively.
To examine the effect of the SST front, we conduct two experiments. One is the control (CTRL) run by prescribing 10-day mean SST observed by Advanced Microwave Scanning Radiometer for the Earth Observing System (EOS; AMSR-E) satellite measurements (Wentz and Meissner 2000) . AMSR-E data is interpolated from 0.258 interval to the model's 27-km grid. A daily highresolution SST dataset based on the Advanced Very High Resolution Radiometer (AVHRR) infrared satellite measurements (Reynolds et al. 2007 ) is also used to cover the coastal regions where AMSR-E SST data are missing. An additional run uses spatially smoothed SST (SMTH) to reduce frontal and small-scale structures in SST. For this SMTH run, we apply a 108 running mean filter to the observed SST. We should note that the amount of enthalpy flux into the model atmosphere might not be same between the two runs, although this kind of experimental design has been employed in the numerical studies (Nakamura et al. 2008; Taguchi et al. 2009; Xu et al. 2010; Iizuka 2010) .
We conduct four sets of 10-day integration separately for each experiment, for 1-10 December 2002, 1-10 January 2003, 1-10 February 2003, and 1-10 March 2003. We avoid long-term model integrations in which we may have difficulty in separating the persistent ocean front's influence from the internal model drift in mean state. Indeed, a 1-month integration displays a weak decreasing drift in the SLP along the K-KE region. We additionally conducted two 1-month runs for December 2002 with and without the 10-daily reinitializations. The December averages of these two runs also display nearly the same pattern of surface heat flux, SLP, and surface wind. This result indicates that the 10-daily reinitializations neither affect the certain patterns in those fields nor give a longterm drift in a continuous integration. We have conducted additional WRF experiments forced by daily SST and by monthly mean SST for 1-31 December 2002. The results are very similar in the surface heat flux, SLP, and surface wind. This is because SST does not change that much in observations over 10 days. Therefore, we will examine the WRF response to the 10-day mean SST during each of months to identify the MABL adjustment to the persistent SST feature. The 2002/03 winter is chosen because the surface heat exchange was very large in the K-KE region on that winter. As for initial and lateral boundary conditions, we employ the National Centers for Environmental Prediction (NCEP) Final Global Analyses on a 18 3 18 grid. To adjust initial and boundary conditions, the model is initialized at 0000 UTC on one day before the first day of the 10-day integrations. The results in the experiments did not change even if we have the spinup period for 2 or 3 days. The lateral condition is updated at every six hours. For these RAM experiments, winter means averaged over the four sets of 10-day integrations (a total of 40 days) are analyzed.
Observed low pressure wedge over the Kuroshio and its extension a. Autumn-winter season in ICOADS
As expected from the northwesterly monsoon during autumn-winter ( Fig. 1) , the large-scale feature of the climatological SLP in the western North Pacific (contours in Figs. 3a and 3b) presents a gradual westward increase. While the large-scale northerlies or northwesterlies advect the cold and dry air mass from the continent in most of the western North Pacific and its marginal seas, the large heat release (Q . 200 W m
22
) is found only along the K-KE region from Taiwan through Japan to the east (color shading in Figs. 3a and 3b). Figure 1 displays that the steep meridional gradient of SST along the K-KE is found at 358-428N, and that the Q maximum is located on the warm flank of the SST front year-round. This is because the frontal structure in SST along the K-KE maintains large DT OA as observed in the 1428-1478E longitude band (Figs. 3c and 3d) together with large moisture differences, even with scalar wind speed nearly uniform in the meridional direction. As found in Fig. 2 , the Q maximum accounts for the net heat exchange (Qnet) in the K-KE region. The Q values decrease in the interior region to the east as the frontal structure in SST weakens (Figs. 3e and 3f).
A closer look at the SLP distribution in the K-KE region unveils a westward-extending SLP trough (white dashed line in Figs. 3a and 3b) where the wedge-like shapes pointing to the west are represented by the region between the isobars of 1015.5-1016.5 hPa during autumn and 1012-1016 hPa during winter. The center axis of this westward-extending low-SLP wedge is displaced south of the meridional maximum in Q by about 18 latitude. The meridional phase relation of the low-SLP wedge and Q maximum is probably due to the thermal advection effect discussed later in the section. While Tokinaga et al. (2009) have shown negative values of spatially filtered anomalies during the (DecemberFebruary) SLP climatology over the KE region based on ICOADS ), we find that the westward-extending low-SLP wedge in the actual (unfiltered) isobars can be observed throughout the northwesterly monsoon. This observational finding indicates the hydrostatic effect, in which the heat release from the ocean acts to warm the overlying atmosphere, results in the visible minimum of SLP via hydrostatic adjustment.
While surface northeasterlies are expected from the geostrophic balance north of the low-SLP wedge, the observed surface winds (black arrows in Fig. 4a ) are still westerly across the isobars toward the SLP trough. Ageostrophic flow (red arrows in Fig. 4a ), defined as residuals by removing the geostrophic wind from the observed wind, tend to show a large westerly component , and DT OA (solid black; 8C) averaged over 1428-1478E. (e),(f) As in (c),(d), but for climatologies averaged over 1608-1658E. Note that the axis for DT OA is at the top of the panels, but the axis for the other variables is at the bottom of the panels. north of the low-SLP wedge where Q is strongest (Fig. 4b) , suggesting that enhanced vertical mixing brings the westerly components aloft to the surface. While the vertical resolution of the JRA-25 is inadequate to represent the MABL adjustment, we note that its climatological winds at the 850-hPa level are westerly (not shown here). In contrast, the ageostrophic winds south of the low-SLP wedge are very weak (Fig. 4) even though Q still exceeds 300 W m
. O'Neill et al. (2010) examined the effect of surface wind direction associated with mesoscale SST variability having spatial scale of 100-1000 km and noted a clockwise rotation by 108 of the surface wind direction over the positive high-passfiltered SST anomalies along the Kuroshio. This finding is consistent with our result about northwesterly ageostrophic winds north of the low-SLP wedge on the warm flank of the SST front.
Let us consider the momentum budget north and south of the low-SLP wedge separately as in the schematic view of Fig. 5 . It is a four-way balance among pressure gradient (white arrow in Fig. 5 ), Coriolis forces (blue arrow), friction (yellow arrow) and vertical momentum mixing (red arrow). North of the low-SLP wedge, eastward acceleration by vertical mixing (red arrow) acts to turn the actual surface wind farther to the left of the geostrophic winds and slightly increases wind speed (Fig. 5c) . Thus, the surface friction and vertical mixing are working together, leading to strong ageostrophic westerlies (green arrow). In contrast, south of the low-SLP wedge, the surface friction and vertical mixing counteract each other with a small ageostrophic component (Fig. 5d) . Therefore, the observed meridional change in ageostrophic wind across the K-KE front may be the result of both hydrostatic and vertical mixing effects working constructively north of the front and destructively to the south.
b. Spring-summer season in ICOADS
The prevailing winds in the western North Pacific change the direction from northwesterly to southwesterly during April (Fig. 1) when the subtropical high begins to form with a center at 308N, 1708E (Fig. 6a) . This subtropical high is well developed during summer (Fig.  6b) . As expected from geostrophic balance, the surface winds are mostly south-southwesterlies and their speeds gradually weaken over the K-KE region from spring to summer, indicating the weak warm advection over the surface.
In the horizontal map of Q (Fig. 6a) , we find the strong surface heat flux regions over 75 W m 22 along the K-KE region from Taiwan through Japan into the KE. This is much like the northwesterly monsoon (Figs. 3a and 3b) , except with reduced amplitudes of smaller DT OA and slower surface wind speed in spring than in autumn and winter (Fig. 6c) . Unlike in the northwesterly monsoon, however, the SLP field displays a low-SLP (1011.5-1013.5 hPa) wedge that extends eastward from Taiwan through Japan (white dashed line in Fig. 6a) . As in the northwesterly monsoon, this eastward-extending wedge corresponds to an SLP trough over the large heat flux region. Ageostrophic northeasterlies are pronounced south of the eastward low-SLP wedge where DT OA , 0:98C (Fig. 7) . Because of this near-neutral condition of surface static stability and associated weak surface heat flux, the vertical mixing is not as strong as during winter-spring seasons. Ageostrophic winds indicate large surface drag under near-neutral condition compared to unstable one. In the region under the unstable condition with DT OA . 0:98C, the pressure gradient toward the west is counteracting the possible eastward acceleration induced by the vertical mixing. As a result, the ageostrophic winds weaken along the center axis of the low-SLP wedge. A distinct peak of Q is not found during FIG. 5 . Schematic figures of the surface momentum balance along the low-SLP wedge. (a),(b) Illustrated is the conventional friction effect on the geostrophic surface winds, which acts to push the air across the isobars from high to low pressure both (a) north and (b) south of the low-SLP wedge. (c) An additional eastward acceleration by the vertical mixing north of the low-SLP wedge acts to turn the pressure gradient to its left in the surface momentum balance. As a result, the actual surface wind will adjust by turning further left. (d) In contrast, south of the low-SLP wedge, the eastward acceleration acts on the pressure gradient to its right in the surface momentum balance. The wind will adjust by turning back toward the geostrophic wind. summer (Fig. 6b) , probably because strong solar radiation during summer weakens the frontal structure in SST along the K-KE region (Fig. 6d) . As observed during autumn-winter seasons, no distinct peak of Q is present in the interior region (Figs. 6e and 6f ). The lack of a peak in Q is not conducive to forming a local feature of the SLP. Figure 8 shows the seasonal cycle of high-pass-filtered Q and SLP anomalies, superimposed on the climatological surface winds averaged over 1428-1478E. For the high-pass filtering, we removed a spatial running mean of 58 latitude over the ocean. It illustrates the phase relation of the meridional maximum in Q and the SLP minimum along the KE region. The Q maximum is anchored year-round at 35.58N by the large DT OA along the KE, as in the horizontal maps (Figs. 3 and 6 ). In the northerly or northwesterly monsoon during NovemberMarch, the SLP minimum is displaced southward by 18-28 latitude by temperature advection of these climatological winds. Because of weak advection by the weak northwesterlies during October and southerlies during April-June, the SLP minimum is collocated with the Q maximum.
c. JRA-25
Most in situ ship reports in ICOADS were instantaneously transmitted to the national weather services such as ), and DT OA (solid black; 8C) averaged over 1428-1478E. (e),(f) As in (c),(d), but for climatologies averaged over 1608-1658E. Note that the axis for DT OA is at the top of the panels, but the axis for the other variables is at the bottom of the panels.
the Japan Meteorological Agency (JMA) and the National Ocean and Atmosphere Administration (NOAA), and then incorporated into marine weather forecast. Atmospheric reanalysis assimilates all archived reports, and therefore is expected to represent the observed features, specifically over busy shipping lanes off the Pacific coast of the Japanese Islands. However a westwardextending low-SLP wedge over the K-KE region is found but much less pronounced in JRA-25 (Fig. 9 ) than in ICOADS (Fig. 3b) . The intense heat flux over the K-KE is adequately represented in JRA-25 regarding its distribution and amplitude. While we will not pursue the exact cause of JRA-25 differences from ICOADS, we found, by analyzing other reanalysis datasets, that this problem is general, indicating problems of current assimilating AGCMs in representation of physics, especially those for MABL (Song et al. 2009 ).
RAM experiment a. Low-SLP wedge
The previous section showed the westward-extending low-SLP wedge displaced slightly south of the local maximum of Q and ageostrophic westerlies right over the Q maximum. While these spatial relationships strongly indicate the oceanic influence on the overlying atmosphere via the hydrostatic and vertical mixing adjustments, the observational diagnosis alone cannot conclusively distinguish these ocean-to-atmosphere effects from atmosphere-to-ocean effects and midlatitude weather noise. We use the WRF to isolate SST frontal effects by comparisons of the CTRL and SMTH experiments. The experimental design was stated in section 2c.
Both CTRL and SMTH experiments using WRF (Figs. 10a and 10b ) successfully reproduce the following large-scale features of the wintertime SLP field over the western North Pacific as observed in the JRA-25 (Fig. 10c) . The SLP fields show a gradual westward increase north of 308N associated with the northwesterly monsoon and a zonal ridge extending from the Yellow Sea at 358N, 1208E toward 258N, 1708E. Besides the large-scale features in SLP, the CTRL experiment is successful in capturing the westward-extending low-SLP wedge within the 1011-1016-hPa isobars over the region from Taiwan through Japan to the KE (Fig. 10a) where the strong Q region with values over 500 W m 22 is simulated in a narrow (;500 km) zonal band. The low-SLP wedge in the CTRL experiment is located slightly south of the maximum in Q as observed. The magnitude of Q in the CTRL experiment is 1.5-2 times larger than in the JRA-25 owing to the stronger SST front in AMSR-E, while the westward-extending low-SLP wedge is similar between the CTRL experiment and JRA-25 but weaker than that in ICOADS. This result indicates that the MABL response to the intense surface heat flux in the K-KE region is still imperfect in the models ).
In the CTRL experiment, ageostrophic surface westerlies are significant only along the K-KE where surface heat flux is intense, as observed (Fig. 11a) . We note that the simulated winds at the 850-hPa level are mostly westerly as in the JRA-25 (not shown here). Because of the KE meander, the meridional maximum of Q in 1478-1488E is located at 348N, slightly more southward than in the surrounding region. Ageostrophic surface westerlies tend to follow this meander. Following Takatama et al. (2011, manuscript submitted to Geophys Res. Lett.), we defined the vertical momentum transfer from aloft as residuals by removing the surface stress from the vertically integrated vertical mixing term in the lowest 100 m. The difference in the vertical momentum transfer between the CTRL and SMTH experiments displays westerly acceleration over the region of intense surface heat flux along the K-KE region, indicative of enhanced vertical mixing (Fig. 11c) . As observed, the ageostrophic westerlies are strong only north of the low-SLP wedge. The meridional plots averaged over 1428-1478E show that the ageostrophic component is meridionally asymmetric against the meridionally symmetric change in Q with a peak at 358-368N (Fig. 11b) . This result from the WRF experiments supports our hypothesis of four-way balance (Fig. 5) , in which the westerly acceleration by vertical mixing and surface friction cooperates in forming the ageostrophic component north of the low-SLP wedge but counteracts against each other to its south. 1 Figure 11d displays the differences in winter mean ageostrophic winds between the CTRL and SMTH experiments, superimposed on SLP and Q in the SMTH experiment. The low-SLP wedge is less pronounced and ageostrophic westerlies are much weaker off the Pacific coast of Japan in the SMTH experiment than in the CTRL experiment because the narrow zonal band of strong surface heat flux disappears from the K-KE region. In the meridional plots averaged over 1428-1478E (Fig. 11e) , no significant peak is found either in the ageostrophic components or in Q. This drastic change in the local maximum of Q is due to the reduced DT OA and moisture difference at the surface in the same region where the SST frontal structure is much reduced in the boundary condition for the SMTH experiment. Instead, a band of weak Q maximum is found in the SMTH experiment in a region very far off the Pacific coast of Japan from 288N, 1308E through 308N, 1428E to 368N, 1478E. Over and/or south of the band, a weak westward-extending low-SLP wedge and anomalous easterlies in ageostrophic surface winds (enhanced ageostrophic surface westerlies in the SMTH experiment) are found in Fig. 11d . These results show that the SST frontal structure is necessary for the formation of the westward-extending low-SLP wedge and ageostrophic westerlies along the K-KE region.
In the meridional vertical section of the 1428-1478E band, a local MABL response to the strong heat flux from the ocean is found across the front near 358N in the CTRL experiment (Fig. 12a) . High-pass-filtered spatial anomalies of virtual potential temperature u V in the CTRL experiment are positive (negative) up to the 850-hPa level from the surface in 338-358N (368-388N) . The positive anomalies are located slightly south of the peak in Q, rather than over it. This displacement results from the advection by the strong northerly winds in climatology, as in the tropical simulations of Small et al. (2003 Small et al. ( , 2005 . No significant high-pass-filtered u V anomaly is presented in the SMTH experiment (Fig. 12b) due to the lack of the significant peak in Q in the meridional direction. The vertical profiles of u V in Fig. 12c shows that the vertical gradient in the MABL south of 358N is much weaker in the CTRL experiment than in the SMTH experiment, but the gradient difference between the two experiments is not so large north of 378N. This cross-frontal change in the MABL response indicates that the significant peak in Q is key to developing the warm, wellmixed, and thick MABL that eventually forms the SLP minimum on the same location.
The only difference in the model setting between the CTRL and SMTH experiments is the surface boundary condition with and without the SST frontal structure, respectively. The results from the experiments show that the SST frontal structure affects the overlying atmosphere by the strong heat flux south of the front at 34.58N (Fig. 12a) . The atmosphere adjusts hydrostatically to the surface heat flux and lowers the SLP by 0.2 hPa (Fig.  12a) in the same region. Under the hydrostatic balance, this value of the SLP decrease is mostly explained by the high-pass-filtered positive temperature anomalies from the surface up to 850 hPa. In addition, enhanced vertical mixing in the warmed MABL along with the surface friction induces significant ageostrophic westerlies north of the low-SLP wedge (Fig. 11a) .
b. Possible effect of the SST front on storms
Previous AGCM experiments reveal that strong sensible and latent heat fluxes along the extratropical SST front maintain the baroclinicity (Brayshaw et al. 2008; Nakamura et al. 2008; Nonaka et al. 2009 ). In addition, RAM experiments show that the associated moisture supplies can help energize midlatitude synoptic disturbances and thereby increase precipitation along the SST front Iizuka 2010) . To examine these effects of the SST front onto the midlatitude storm, we analyzed the precipitation field in the experiment. In the winter mean of the CTRL experiment (Fig. 13a) , a zonal band of precipitation, with a meridional length of about 58 latitude, extends east-northeastward from the Pacific coast of Japan into 408N, 1708E. While the similar rainband is simulated in the SMTH experiment (not shown), the rainfall intensity is different between them. A coherent narrow (18-28 latitude length) band of increased rainfall over 80 mm month 21 is found north of the low-SLP wedge in the CTRL experiment (Fig. 13b) . In addition, the intraseasonal variance is larger in the CTRL than in the SMTH experiment (Fig. 13c) , indicating some enhanced storms passing by along the rainband. The results indicate that intense surface heat flux along the SST front could influence the storm activity passing eastward over the K-KE. In the climatology, however, intensity of the storm activity is generally strong at the entrance of the Pacific jet stream in the midlatitudes (308-408N). Therefore, it is still unclear whether the collocation of the strong Q across the SST front and active storm-track activity is by chance or the consequence of the atmospheric response to the SST front. The present study indicates that the SST front intensifies the overlying rainband even though the rainband itself may be originally formed by any other reason. Adachi and Kimura (2007) pointed out that the cyclogenesis is intense along the Pacific coast of Japan. Lower SLP and weaker stability of the MABL along the SST front, compared to its surrounding areas, can be favorable for the development of cyclones that involve the upper trough. If it is the case, we will investigate, in the future, how the growth of storms along the SST front contributes to the climatological low-SLP wedge.
Summary and discussion
We have investigated the spatial characteristics of the climatological SLP and surface wind fields in the western North Pacific where the monsoonal flow is pronounced. In our analyses, in situ marine observations of ICOADS are employed along with the JRA-25 reanalysis and the RAM simulations. Previous in situ atmospheric soundings across the SST front along the Kuroshio and its extension (K-KE) revealed transitions of the MABL structure including its height, temperature, moisture, wind, and cloud regime (Tokinaga et al. 2006; Tanimoto et al. 2009; Tokinaga et al. 2009 ), suggesting both hydrostatic and vertical mixing effects in the MABL. Therefore, our focus is how these frontal effects modify the monsoons.
In the winter climatology, a westward-extending low-SLP wedge is evident in SLP contours, displaced slightly south of the zonal band of strong surface heat flux Q along the K-KE (Fig. 3b) . The steep SST front maintains a distinct peak of temperature difference between the ocean and atmosphere DT OA . The low-SLP wedge in the unfiltered field strongly indicates the hydrostatic effect along the SST front as found in high-pass-filtered SLP field by Tokinaga et al. (2009) and Xu et al. (2010) along the K-KE region and Minobe et al. (2008 Minobe et al. ( , 2010 the Q peak is probably due to thermal advection by the mean northwesterlies, as shown in the equatorial region by Small et al. (2003 Small et al. ( , 2005 . While weak easterlies are expected from geostrophy north of the low-SLP wedge, the observed surface winds are northwesterlies with a crossbaric component toward the center axis of the low-SLP wedge. This result indicates an eastward acceleration due to enhanced vertical mixing of the midlatitude westerlies from aloft along the band of strong Q, leading to a northwesterly ageostrophic component in the presence of surface friction (Fig. 5c) . In contrast, the observed winds are mostly geostrophic south of the low-SLP wedge where vertical mixing and friction work against each other (Fig. 5d) . Albeit slightly weaker in magnitude, the autumn climatology displays similar spatial features. These observational findings indicate that the intense surface heat flux heats the MABL over the K-KE region, lowering the local SLP by a hydrostatic adjustment.
To examine the effect of the SST front on the overlying MABL, we conduct regional atmospheric model (RAM) experiments using nonhydrostatic and highresolution WRF model for winter 2002/03. In the control (CTRL) experiment with the prescribed high-resolution SST on a 0.258 grid, the westward-extending low-SLP wedge and ageostrophic westerlies north of it are well simulated along the K-KE. The intense surface heat flux is simulated over the SST front, albeit its amplitude is 1.5-2 times larger than the observed. In contrast, in the smoothed (SMTH) experiment that weakens the SST front, the band of intense heat flux along the K-KE and low-SLP wedge are not represented. These results support the ideas that the SST frontal structure along the K-KE is important for the strong heat flux, and that the heat flux heats the MABL, lowers the SLP locally, and produces the ageostrophic westerlies through enhanced vertical mixing.
Despite assimilating in situ observations, the low-SLP wedge in the JRA-25 climatology is weak compared to the ICOADS climatology. The MABL response across the SST front in AGCMs used for the assimilation should be carefully examined. An important implication from the low-SLP wedge in the reanalysis data is that not all observational datasets contain this low-SLP wedge pattern except in the climatology from ICOADS and hence our understanding on their interannual characteristics is still highly limited. Longer-term numerical model simulations are necessary to assess the local and larger-scale impact of this regional SLP pattern arising from the fronts on the atmosphere.
In spring climatology, the surface heat flux is still strong along the K-KE. Because the temperature in the ocean and the atmosphere is not still completely in equilibrium, the resultant low-SLP wedge extending eastward and ageostrophic winds are found even under the southwesterly monsoonal flow. In the seasonal cycle along the KE, the meridional maximum of Q is anchored at 35.58N where the KE front maintains large DT OA year round. The SLP minimum (center of the low-SLP wedge) shows a meridional migration, displaced south of the front during the northwesterly monsoon and collocated with the KE front during the southwesterly monsoon. This spatial relation of SLP and Q is due to thermal advection by the mean winds. Thus, the low-SLP wedge and ageostrophic winds are observed not only off the Pacific coast but also along the KE region that is far (800-1000 km) from the Japanese islands from autumn to spring regardless of the change in monsoonal wind. The RAM successfully reproduces those atmospheric adjustments in the CTRL experiment but fails in the SMTH experiment. If the orographic effect were a major factor for the pressure minimum, the SMTH experiment would simulate the low-SLP wedge along the Pacific coast of Japan. As in section 4, it is not the case in our experiments (Fig. 10b) . Ageostrophic winds in the CTRL experiment are simulated all the way from 1308 to 1508E along the K-KE and follow the local maximum of Q along the KE meander (Fig. 11a) . These results indicate that the atmospheric adjustments are caused by intense heat flux along the K-KE, rather than by the orographic effect of high mountains on Japanese islands.
